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Ebola virus is an aggressive pathogen that causes a highly 
lethal hemorrhagic fever syndrome in humans and nonhuman 
primates. First recognized near the Ebola River valley during 
an outbreak in Zaire in 1976 (6, 20), outbreaks have occurred 
in Africa in the ensuing 27 years, with mortality rates ranging 
from 50 to 90% (26, 28). Outbreaks have been identified yearly 
for the past 3 years in central Africa, the most recent of which 
continues in the Republic of the Congo, with more than 125 
fatalities to date according to the World Health Organization 
(http://www.who.int/csr/don/2003_05_07/en/, accessed 7 May 
2003). The natural host for Ebola virus is unknown, so it has 
not been possible to implement programs to control or elimi- 
nate viral reservoirs of transmission to human populations. 
The rapid progression of Ebola virus infection has further 
complicated the control of this disease, affording little oppor- 
tunity to develop acquired immunity. There is currently no 
antiviral therapy or vaccine that is effective against Ebola virus 
infection in humans. 

Although its clinical course is well known, the specific mech- 
anisms underlying the pathogenicity of Ebola virus have not 
been clearly delineated. This is due, in part, to the difficulty in 
obtaining samples and studying the disease in the relatively 
remote areas in which the outbreaks occur. In addition, a high 
degree of biohazard containment is required for laboratory 
studies and clinical analysis. Isolation of the viral cDNAs and 
the development of expression systems have allowed the study 
of Ebola virus gene products under less restrictive conditions 
and facilitated an understanding of the mechanisms underlying 
virally induced cell damage. 

EBOLA VIRUS DISEASE PROGRESSION 

Typically, Ebola virus infection runs its course within 14 to 
21 days. Infection initially presents with nonspecific flu-like 
symptoms such as fever, myalgia, and malaise. As the infection 
progresses, patients exhibit severe bleeding and coagulation 
abnormalities, including gastrointestinal bleeding, rash, and a 
range of hematological irregularities, such as lymphopenia and 
neutrophilia. Cytokines are released when reticuloendothelial 
cells encounter virus, which can contribute to exaggerated in- 
flammatory responses that are not protective. Damage to the 
liver, combined with massive viremia, leads to disseminated 
intravascular coagulopathy. The virus eventually infects micro- 
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vascular endothelial cells and compromises vascular integrity. 
The terminal stages of Ebola virus infection usually include 
diffuse bleeding, and hypotensive shock accounts for many 
Ebola virus fatalities (for reviews, see references 9 and 28). 

STRUCTURE AND CLASSIFICATION OF THE 
EBOLA VIRUS 

Ebola vims and the related Marburg vims are members of the 
Filovims family, which are pleomorphic, negative-sense RNA 
viruses whose genome organization is most similar to the 
Paramyxoviridae. Of the four identified strains of Ebola virus, 
three — the Zaire, Ivory Coast, and Sudan strains — have been 
shown to cause disease in both humans and nonhuman pri- 
mates, with the Zaire strain exhibiting the highest lethality rate 
(13, 29). The only documented outbreaks of Ebola virus infec- 
tion in the United States were fortunately restricted to nonhu- 
man primates at holding facilities in Virginia and Texas, 
caused by the Reston strain, which has not yet caused fatal 
disease in humans (19). 

The Ebola virus genome is 19 kb long, with seven open 
reading frames encoding structural proteins, including the 
virion envelope glycoprotein (GP), nucleoprotein (NP), and 
matrix proteins VP24 and VP40; nonstructural proteins, in- 
cluding VP30 and VP35; and the viral polymerase (reviewed in 
reference 28). Unlike that of Marburg virus, the GP open 
reading frame of Ebola virus gives rise to two gene products, a 
soluble 60- to 70-kDa protein (sGP) and a full-length 150- to 
170-kDa protein (GP) that inserts into the viral membrane (29, 
41), through transcriptional editing. 

EBOLA VIRUS GP AND VIRAL PATHOGENESIS 

The Ebola virus GP is synthesized in a secreted (sGP) or 
full-length transmembrane form, and each gene product has 
distinct biochemical and biological properties. For example, 
GP appears to form a trimeric complex (30) and binds prefer- 
entially to endothelial cells, whereas sGP does not (49). Pref- 
erential binding of Ebola virus GP to the endothelium was 
demonstrated by use of two independent methodologies as 
follows: direct binding was assessed by fluorescence-activated 
cell sorter analysis, and pseudotyping experiments were per- 
formed in which virus titers, cell numbers, and confluence were 
carefully determined so that the multiplicity of infection was 
controlled and equal in all cell types. Another study failed to 
demonstrate this preferential binding (17), but direct binding 
of GP to endothelial cells was not measured and neither the 
multiplicity of infection, target cell numbers, nor cell conflu- 
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ence was reported in that study. The receptors required for cell 
binding and infection are not completely understood. A folate- 
related receptor can serve as a cofactor to facilitate infection 
(8), but whether it serves as a receptor remains unclear. The 
cell surface lectin DC-SIGN can also facilitate GP binding to 
cells through viral carbohydrate determinants, but it does not 
appear to mediate entry by itself (1, 32). In contrast to GP, sGP 
gives rise to a dimeric protein (30) that interacts with neutro- 
phils (49). sGP mediates neutrophil binding, directly or indi- 
rectly, through CD16b, the neutrophil-specific form of the Fey 
receptor III (49). After the initial description of the neutrophil 
binding of sGP, it was shown that immunoglobulin G (IgG), 
but not an Fab fragment, against sGP was needed to detect 
neutrophil binding (T. Maruyama, M. J. Buchmeier, P. W. H. I. 
Parren, and D. R. Burton, Technical Comment, Science 282: 
843-844, 1998). A subsequent study showed that the binding 
could also be seen if an irrelevant IgG was used with the Fab 
fragment against sGP (Z.-Y. Yang, R. Delgado, L. Xu, R. F. 
Todd, E. G. Nabel, A. Sanchez, and G. J. Nabel, Author's 
Reply, Science 282:844-846, 1998). Though such binding could 
potentially arise from binding of immune complexes, addi- 
tional studies using resonance energy transfer showed that 
neutrophils incubated with sGP showed a significant reduction 
in the CR3-Fc-y RIIIB RET signal (22), demonstrating that 
sGP alters the physical and functional interaction between Fc-y 
RIIIB and CR3. Through this interaction, sGP may contribute 
to immune evasion by inhibiting early steps in neutrophil ac- 
tivation (as measured by the down-modulation of L-selectin) 
that would ordinarily assist in virus clearance (49). 

Several lines of evidence suggest that the viral GP plays a 
key role in the manifestations of Ebola virus infection. The 
transmembrane form of GP targets the Ebola virus to cells that 
are relevant to its pathogenesis. Specifically, GP allows the 
virus to introduce its contents into monocytes and/or macro- 
phages, where cell damage or exposure to viral particles may 
cause the release of cytokines (34) associated with inflamma- 
tion and fever, and into endothelial cells, which damages vas- 
cular integrity (48) (Fig. 1). Thus, sGP may alter the immune 
response by inhibiting neutrophil activation, while the trans- 
membrane GP may contribute to the hemorrhagic fever symp- 
toms by targeting virus to cells of the reticuloendothelial net- 
work and the lining of blood vessels. 

GP expression in cultured human endothelial and epithelial 
cells causes cell rounding and detachment (48). GP is the only 
one of the seven Ebola virus gene products to exert this effect, 
and though GP from all four documented Ebola virus strains 
acts similarly, the highly pathogenic Zaire strain has the most 
potent activity in this cell culture assay (33). These effects 
require the presence of the mucin-like, serine-and-threonine- 
rich domain of GP and correspond with the down-regulation of 
specific molecules on the cell surface (48). Cytotoxicity appears 
to be precisely controlled by a mechanism involving down- 
regulation of GP expression through a transcriptional RNA 
editing event by the viral polymerase. The importance of this 
phenomenon was shown by use of a reverse genetics system for 
replicating Ebola virus in which a mutation that increases the 
level of full-length GP expression is significantly more cytotoxic 
than the wild-type virus (42). 

The in vivo relevance of GP-induced endothelial cell toxicity 
was explored in blood vessel explants (48) in which human 



saphenous veins were infected with replication-defective ad- 
enoviral vectors carrying the gene for GP or sGP. Staining with 
horseradish peroxidase and scanning electron microscopy were 
used to observe severe damage to the endothelial cell lining in 
vessels that received the virus encoding full-length Ebola virus 
GP but not sGP or vectors in which the mucin domain of GP 
was removed. Cell damage in explant cultures paralleled the 
species specificity of different Ebola virus strains: no toxicity 
was observed when Reston strain GP was introduced into 
human vascular explants, whereas significant tissue damage 
was observed in vascular explants from nonhuman primates. 

Further in vitro analyses have begun to elucidate the molec- 
ular mechanisms underlying GP-induced cytotoxicity. Critical 
mediators of cell adhesion to the matrix and immune signaling 
(e.g., integrins and major histocompatibility complex class I 
cell surface proteins) are among the cell surface molecules that 
are dysregulated (33, 37). Transient expression of Ebola virus 
GP in human kidney 293T cells caused a reduction of specific 
integrins (primary molecules responsible for cell adhesion to 
the extracellular matrix) on the cell surface. GP mutants lack- 
ing the membrane-spanning region of the ectodomain did not 
cause this down-regulation, suggesting that anchorage of GP to 
the cell membrane is required for this effect. Disruption of 
major histocompatibility complex class I expression on the cell 
surface is a mechanism for evading host immune responses 
that is shared by several pathogens, including cytomegalovirus, 
human immunodeficiency virus (HIV), and herpesviruses (27). 
It is not known whether GP affects integrin levels by altering 
intracellular trafficking or by modulation of protein synthesis 
or degradation, but preliminary experiments suggest a role for 
cellular protein transport machinery in GP-mediated cytotox- 
icity (N. Sullivan, unpublished observations). In any event, the 
biologic effects of GP alone may account largely for the fea- 
tures of Ebola virus infection that lead to fatal disease, includ- 
ing inflammatory dysregulation, immune suppression, and loss 
of vascular integrity. 

Structural analyses of GP have revealed features in common 
with other viral envelope proteins. The crystal structure of the 
GP ectodomain revealed a coiled-coil domain resembling a 
trimer of helical hairpin-like loops (23, 44). The hairpin struc- 
ture is adjacent to the fusion-peptide region (16) hypothesized 
to insert directly into the target cell membrane. Analogous 
coiled-coil regions have been defined for GPs of influenza 
virus, murine retroviruses, HIV, and simian immunodeficiency 
virus (SIV) as well as for some cellular proteins, called 
SNARES, that function in intracellular vesicle fusion (44). For 
HIV gpl60, it has been possible to identify peptides that bind 
to a transient intermediate form that precedes hairpin forma- 
tion. Because of their potent inhibition of viral entry, these 
reagents have shown considerable promise in clinical trials 
(21). The Ebola virus GP contains a homologous hairpin struc- 
ture for which a possible inhibitory peptide has been identified 
(43), a region that remains a potential therapeutic target. 

IMMUNE RESPONSE TO EBOLA VIRUS INFECTION 

Ebola virus replicates at an unusually high rate that over- 
whelms the protein synthesis apparatus of infected cells and 
host immune defenses (28). Both the adaptive immune and 
inflammatory systems respond to infection at the same time 
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FIG. 1. Host immune responses to Ebola virus and cell damage due to direct infection of monocytes and macrophages cause the release of 
cytokines associated with inflammation and fever (A). Infection of endothelial cells also induces a cytopathic effect and damage to the endothelial 
barrier that, together with cytokine effects, leads to the loss of vascular integrity (B). Transient expression of Ebola virus GP in human umbilical 
vein endothelial cells or 293T cells causes a reduction of specific integrins (primary molecules responsible for cell adhesion to the extracellular 
matrix) and immune molecules on the cell surface. Cytokine dysregulation and virus infection may synergize at the endothelial surface, promoting 
hemorrhage and vasomotor collapse. 



that some cell types, specifically monocytes and macrophages, 
are targets relevant to disease pathogenesis. This feature of the 
infection was initially suggested by the immunohistochemical 
localization of Ebola virus in vivo: endothelial cells, mononu- 
clear phagocytes, and hepatocytes are the main targets of in- 
fection (3, 4, 12, 50). 

The components of the immune system that may protect 
against Ebola virus infection have not been defined. Antibody 
titers against Ebola virus GPs are readily detectable in patients 
who recover from Ebola virus infection; however, anecdotal 
reports have indicated that serum from recovered patients did 
not consistently protect against infection or exhibit neutraliza- 
tion of virus replication in cell culture. Furthermore, passive 
transfer of antibodies in animal models only delays the onset of 
symptoms and does not alter overall survival (18). More re- 
cently, the neutralization of virus replication by selected mono- 
clonal antibodies isolated from the bone marrow of recovered 
patients was demonstrated in vitro (24), and monoclonal anti- 
bodies that recognize specific epitopes of Ebola virus GP have 
been shown to confer immune protection in a murine model of 
Ebola virus infection (15, 45) and in guinea pigs (25). However, 
it is relatively easy to protect against infection in the mouse 
model, and protection of guinea pigs required a high dose of 
antibody administered very close to the time of virus challenge. 
Taken together, these results suggest that antibodies alone do 
not provide protective immunity in a natural context and that 



cellular immunity is likely to play a significant role in virus 
clearance. Whether hyperimmune serum from surviving vacci- 
nated animals or certain infrequently occurring antibodies are 
capable of attenuating infection remains unknown, but such 
antibodies could potentially contribute to therapy if they can 
be identified and optimized. 

A comparison of immune parameters in survivors and non- 
survivors of infection has provided clues into the constituents 
of an effective immune response. Baize et al. (2) characterized 
the immune responses of patients in two large Ebola virus 
outbreaks in Gabon in 1996. There was no significant differ- 
ence in viral antigen load between survivors and nonsurvivors, 
but immune responses varied, suggesting that survival is de- 
pendent on the initial or innate immune response to infection. 
Survivors exhibited more significant IgM responses, clearance 
of viral antigen, and sustained T-cell cytokine responses, as 
indicated by high levels of T-cell-related mRNA in the periph- 
eral blood. In contrast, antibodies specific for the virus were 
nearly undetectable in fatal cases, and while gamma interferon 
(IFN-7) was detected early after infection, T-cell cytokine 
RNA levels were more indicative of a failure to develop adap- 
tive immunity in the days preceding death. 

During infection, there is evidence that both host and viral 
proteins contribute to the pathogenesis of Ebola virus. In- 
creases in the levels of inflammatory cytokines IFN-7, IFN-a, 
interleukin-2 (IL-2), IL-10, and tumor necrosis factor alpha 
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were associated with fatality from Ebola hemorrhagic fever 
(40). Moreover, in vitro experiments demonstrated that tumor 
necrosis factor released from filovirus-infected monocytes and 
macrophages increased the permeability of cultured human 
endothelial cell monolayers (12). However, other reports have 
observed an association between elevated levels of IFN--y 
mRNA and protection from infection (2), and a protective 
effect of IFN-a and --y is suggested by the fact that the virus has 
evolved at least one protein, VP35, that acts as an IFN-a/p 
antagonist (5). Whether the effects of cytokines are protective 
or damaging may depend not only on the cytokine profile but 
also may represent a delicate balance influenced by the route 
and titer of incoming virus as well as factors specific to the 
individual host immune response. 

VACCINE DEVELOPMENT 

Several animal models have been developed to study the 
pathogenesis of Ebola virus infection and to assess the efficacy 
of various vaccine approaches. Guinea pigs and nonhuman 
primates represent the primary animal models for vaccine de- 
velopment because the progression and pathogenesis most 
closely resemble those of the human disease (10, 46, 47). A 
murine model was later developed by serial passage of virus in 
mice (7). Though the model allows the use of knockout and 
inbred strains to evaluate genetic determinants of disease, it is 
considered less predictive of human disease because it relies on 
a serially passaged, attenuated virus. While symptoms and time 
course of disease in guinea pigs parallel those in humans, 
nonhuman primate infection is considered the most predictive 
and useful for vaccine development (14). 

Live attenuated viruses and recombinant proteins have been 
used successfully in a variety of vaccines, but the safety and 
immunogenicity of gene-based vaccines have proven increas- 
ingly attractive. Among the gene-based approaches, naked 
plasmid DNA has been used successfully in animal models to 
direct the synthesis of immunogens within the host cells and 
has proven helpful in a variety of infectious diseases (reviewed 
in references 11 and 38). 

Genetic immunization with plasmid DNA was developed in 
the guinea pig and was the first successful vaccine for Ebola 
virus (47). In this model, NP elicited a primarily humoral 
response and was less efficacious, while sGP and GP elicited 
T-cell proliferative and cytotoxic responses as well as a hu- 
moral response. Protection against lethal challenge was con- 
ferred by each of these immunogens when animals were in- 
fected within 1 month of the last immunization, but only GP or 
sGP provided long-lasting protection. The degree of protection 
correlated with antibody titer and antigen-specific T-cell re- 
sponses. Subsequent studies of NP and GP plasmids conferred 
protective immunity in mice (39), but it is uncertain whether the 
attenuated murine virus is more sensitive to neutralization than 
the wild-type virus. Thus, the relative potency of NP, or its re- 
quirement as an immunogen for providing long-term protection, 
remains uncertain. 

While DNA vaccines have been highly effective in rodents, 
their efficacy in nonhuman primates or humans has been less 
impressive. Priming-boosting immunization protocols that use 
DNA immunization followed by boosting with poxvirus vectors 
carrying the genes for pathogen proteins have yielded dramat- 



ically enhanced immune responses in animal studies, with 30- 
fold or greater increases in antibody titer from the booster 
(31). A different priming-boosting strategy using replication- 
defective adenovirus for an Ebola virus vaccine was tested in 
cynomolgus macaques (36). This study demonstrated the su- 
perior immunologic efficacy of this priming-boosting combina- 
tion for both cellular and humoral responses. These animals 
displayed complete immune protection against a lethal chal- 
lenge of virus, providing the first demonstration of an Ebola 
virus vaccine approach that protects primates against infection. 
Recently, an accelerated vaccination has been developed that 
confers protection against a lethal virus challenge in nonhu- 
man primates after a single immunization (36a). If this vaccine 
works similarly in humans, it may be useful in the containment 
of acute outbreaks by ring vaccination. 

In summary, an understanding of the mechanisms underly- 
ing Ebola virus-induced cytopathic effects has facilitated the 
process of vaccine and antiviral therapy development, which 
has in turn provided new information about pathogenesis and 
the immune response. Ebola virus does not exhibit the high 
degree of variability that other enveloped viruses may employ 
to evade host immunity, but Ebola virus GP alters target-cell 
function and exemplifies a novel strategy for immune evasion 
that may have arisen through the evolution of Ebola virus with 
its natural host. The cytotoxic effects of GP on macrophage 
and endothelial cell function disrupt inflammatory cell func- 
tion and the integrity of the vasculature. In addition, by alter- 
ing the cell surface expression of adhesion proteins and im- 
mune recognition molecules, Ebola virus may disrupt processes 
critical to immune activation and cytolytic-T-cell function. 
These phenomena likely account for the dysregulation of the 
inflammatory response and the vascular dysfunction character- 
istic of lethal Ebola virus infection, providing a rationale for 
focusing on GP as a target for a preventative vaccine and 
providing leads for other clinical interventions. 
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